Isoenzymes of pyruvate kinase
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Itrtrodirctiori
Pyruvate kinase (PK, EC 2.7.1.40) is of particular importance in glycolysis for controlling the flux from fructose 1.6-bisphosphate (FBP) through to pyruvate. It catalyses the conversion of phosphoenolpyruvate into pyruvate by the addition of a proton and the loss of a phospho group that is transferred to ADP and requires both bivalent and monovalent cations:
The enzyme has a low nucleotide specificity and the 5'-diphosphates of guanosine, inosine, uridine and cytidine can all serve as phospho acceptors. The properties of the enzyme have been reviewed by Muirhead [ 1 1. This paper discusses work which has been carried out in several different laboratories. PK has been isolated from a variety of cells and tissues and in most cases, whether derived from bacterial, plant or animal sources, the enzymes arc tetramers of identical subunits, each with at least 500 amino acid residues. In vertebrate tissues four different isoenzymes are found. These isoenzymes are tissue specific, have kinetic properties reflecting the different metabolic requirements of the tissues and differ in the regulation of gene expression [2] . The M1 type is the major form of adult skeletal muscle, heart and brain and shows predominantly hyperbolic Michaelis-Menten kinetics. The M2 type is the only form detected in early fetal tissues and is present in most adult tissues. The R type is expressed only in erythrocytes and the L type is the major form in adult liver. In contrast to M1 the M2, R and L types are all allosterically Mg: ' .K ' Abbreviation used: PK, pyruvate kinase.
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regulated and show sigmoidal kinetics with respect to the substrate phosphoenolpyruvate. In addition, R and L are regulated by reversible protein kinase-mediated phosphorylation. These kinetic properties can be explained by the existence of several different conformational states for the tetrameric enzyme ranging from a T-state with low affinity to an R-state with high affinity for substrate [3] . The highaffinity R-state is stabilized by phosphoenolpyruvate, FBP and low pH. The low-affinity T-conformation is stabilized by ATP, alkaline pH. gluconeogenic amino acids such as alanine and the phosphorylation of a specific serine (present in R and L) near the N-terminus.
The crystal structure of an M1 isoenzyme is known [4] and amino acid sequences are available for M1, M2, L and R isoenzymes 14-91. Residue numbers for M1 are used throughout this paper. Alignment of these sequences shows them to be strongly conserved and implies that the tertiary and quaternary structures of all the isoenzymes are very similar. Sequence variability in the inter-subunit contact areas may affect the equilibrium between the R and T quaternary structures and give rise to the different kinetic properties.
Gene structure uiid expressiorr
Genetic studies have suggested the presence of two structural genes in mammals: one coding for M1 and M2 and one coding for L and R [ 10, 1 I]. The organization of the gene has been determined for chicken M1 [12] , rat and R [S, 131 and rat M1 and M2 [5] . In general, there is a high degree of homology between the different genes in both gene organization and exon sequence. With the exceptions discussed below the genes have the same number of exons and corresponding exons are of the same length and similar sequence. However, the introns are of quite different lengths. The introns do not occur at random positions, but tend to be located in regions connecting elements of regular secondary structure of the protein 14, 121. This suggests that the genes have diverged from a common ancestral gene and that the coding region evolved very slowly. In contrast, the absence of any detectable homology between intron lengths and sequences suggests that either they do not play an essential role in the regulation of gene expression or that they could be involved in tissue specificity.
The L-and R-type enzymes are produced from a single L gene by the use of differential promoters 181. The mRNAs are identical except in the S'-terminal region. The sequence upstream of the fifth coding residue of the L-type is replaced by a 08 nucleotide sequence in the R-type which has 31 residues more than the L-type at the N-terminus. The L gene is composed of 12 exons and 11 introns compared with the 10 exons and 9 introns within the coding region of the chicken M1 gene [12] . The first (exon R) and second (exon L) exons encode the S'-terminal sequence specific for the R and L types, respectively. The remaining downstream exons encode common sequences and correspond to those found in chicken M1 [ 121. Exon L contains a promoter sequence of the TATA box, while exon R contains a different promoter sequence of the CAT box. The two isoenzymes have very similar kinetic properties and the longer N-terminus in R may be important in conferring extra stability on the tetrameric structure in erythrocytes which do not carry out protein synthesis. In contrast, M1 and M2, which do have different kinetic properties, are produced from the same M gene transcript by alternative RNA splicing. The M gene contains two adjacent exons, one of which codes for residues 380-435 in M1 and the other for the corresponding residues in M2. Apart from this region coded by alternative exons, the sequences in M1 and M2 are identical [5, 141.
Enzyme structure arid firtiction
The crystallographic studies on PK have used the M1 isoenzyme, which can be prepared in large quantities and is relatively stable. This structure is that of the M1 isoenzyme in the presence of NH: ions, which would bind at the potassium site, and is almost certainly that of the R quaternary structure. This is supported by the fact that the binding of substrates to the crystalline enzyme gives rise to only very small conformational changes [ 151. Each subunit comprises four domains; a small N-terminal domain ( N ) plus domains A, B and C. The L-type N domain has 55 residues compared with the 42 residues in domain N of M I and M2. Residues 14-55 align with 1-42 of M1/M2 and the active serine residue, which is a substrate for AMP-dependent protein kinase, immediately precedes the N-terminal residue of M1. R contains an even larger domain N (86 residues) and residues 45-86 align with 1-42 of M1/M2. This alignment of the amino acid sequences suggests that the last 42 residues of the N domains of R and L have essentially the same tertiary structure as that found in M1 and M2. The extra residues form an additional structure at the N-terminus. Thus the major differences between the isoenzymes must affect the size and precise structure of this N-terminal domain.
The structures of all four domains have been described for MI [ 1, 4] . The active site lies in a deep cleft between domains A and B and the residues involved in binding and catalytic activity are conserved in all known sequences. A pocket between domains A and C forms a second nucleotide-binding site [IS, 161 and it is possible that this pocket forms a binding site for the allosteric activator fructose 1,6-bisphosphate which stabilizes the R quaternary structure. A comparison of the amino acid residues in the four domains for the cat M 1 [4], rat M 1, M2, R and L [4, 7] and human M2 [17] enzymes (Table 1) shows that domain A is the most strongly conserved and that in all domains the differences between isoenzymes from the M1/M2 and L/R isoenzymes of the same species are greater than species differences 
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between, for example, cat M 1 and rat M 1. T h e sequences of rat M1 and rat M2 are identical except in domain C, where the different exons in M1 and M2 make that section of the M2 sequence more like the corresponding L/R sequence.
In the M1 tetramer the subunits pack closely together near to the centre, but o n the outside of the molecule large areas of each subunit are exposed to solvent. There are three types of intersubunit contact; the first type (two subunits related by a rotation of 180" about the crystallographic X-axis) involves only one residue in domain N, although this contact may be more prominent in the L and R isoenzymes. T h e other two contacts are much more extensive; the second (crystallographic Y-axis) involves domains N and C and the third (Zaxis) involves residues in all four domains. T h e Y-axis contact involves the residues which differ in M1 and M2, while the Z-axis contact involves residues which are close to the active site. Analysis of thc residues involved in thesc intersubunit contacts in the four rat isoenzymes (Table 2) focuses attention on domain N, which is involvcd in all three types of contact and is most likely to vary in structure between the isoenzymes, and also o n the residues which differ in M 1 and M2 and form part of the Y contact. In general, these M2 residues are more similar to those found in L and R than to 
N1
Vol. 18 those in M1. Residue 39 1 may be unique to M2. The crucial changes in going from M1 (hyperbolic kinetics) to M2, L or R (sigmoidal kinetics) are the introduction of a positive charge at 398, the loss of a forked b-carbon at 405, the loss of hydrophobic contacts at 41 1 and 413 and the less hydrophobic nature of 423. These changes would all weaken the Y contact in the allosteric isoenzymes compared with that in M I . However, the active site is much closer to the Zcontact, which is identical in M I and M2, and essentially conserved in L/R. This conservation of the Z contact reflects the high degree of conservation of residues in domain A in all four isoenzymes. Two enzyme-bound cations (normally Mg2+ and K' ) are necessary for the catalytic activity of PK. The interactions of the substrates with the enzyme are mainly through these enzyme-bound cations. The monovalent cation is probably involved in the binding of the carboxyl group of phosphoenolpyruvate and is known to move towards this substrate as it binds. The binding site for K + is close to the side-chains of residues Thr-327, Gln-328, Glu-331, Ser-36 1 and Glu-363. These residues are either in or close to the Z contact. A sphere of radius 8 A centred at the K+-binding site encloses all or part of 2 1 residues of which 19 are conserved between M1/M2 and L/R, and 83 atoms of which 77 are conserved (Table 3 ). The L/R isoenzymes contain one less positive charge (Lys-185). The major intersubunit contact is with Arg-341 whose guanidinium group may occupy the monovalent cation site in the absence of K + . Thus, the structure is almost totally conserved and the only explanation for a change in the environment of the cation would be a change in quaternary structure. These sequence comparisons suggest that the tetramer is a dimer of dimers with relatively small differences between the R and T quaternary structures in the Z contact and larger differences in the Y contact. The changes in the quaternary structure would affect substrate binding via the K +-binding site. Thus the equilibrium between the R (high affinity for phosphoenolpyruvate) and T (low affinity) quaternary structures is determined by the specific residues at the N-terminus (domain N ) and in the Y contact. The differences between the R and T structures at the Z contact would affect either the precise position or the mobility of the monovalent cation and hence the affinity for phosphoenolpyruvate. The binding of phosphoenolpyruvate at the active site would favour the R quaternary structure, possibly via the movement of the monovalent cation, and hence increase the affinity for substrate. The T structure has a lower affinity for substrate because of the relative ositions of the K + (binding the carboxyl group) and the MgP' (binding the phosphate group) sites. In summary, the precise amino acid sequence at the Y interface affects the equilibrium between the T and R conformations and the effect is transmitted to the Z interface by means of a change in quaternary structure. Similarly, the binding of phosphoenolpyruvate at the active site in the T structure produces conformational changes in the Z interface and changes the equilibrium in favour of the R structure. Another region of interest is the pocket between domains A and C, which forms the second nucleotide-binding site. The R/L pocket contains some smaller side-chains than the corresponding ones in the M1 /M2 pocket. Hence, this pocket will tend to be more open in the M l / M 2 structure and less open in the R/L structure. Thus the closing or opening of this pocket would affect the intersubunit contacts and hence the equilibrium between the R and T states and the precise conformation of the active-site residues.
We propose to investigate the importance of specific residues in the intersubunit contacts and in the second nucleotide-binding site by using computer modelling, site-directed mutagenesis, time-resolved fluorescence anisotropy and steady-state kinetics.
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